Mitochondria are essential organelles that are responsible for cellular energy production and cell death in response to various stimuli. Although C-terminal binding protein (CtBP) functions as a metabolic sensor in transcriptional corepressor complex, it is unclear whether CtBP controls gene transcription in response to metabolic stress. In this study, we found that CtBP represses Bcl-2-associated X protein (Bax) transcription in glucose-rich media by binding to the E-box region of the Bax promoter. Glucose withdrawal leads to the dissociation of CtBP from the Bax promoter and significant changes of the histone codes in the Bax promoter. CtBP knockout increases Bax transcription, ablates mitochondrial morphology and reduces mitochondrial activities. Ectopic expression of CtBP or knockdown of Bax in ctbp-knockout cells recovers mitochondrial morphology and function, suggesting that CtBP functions as a metabolic sensor that maintains mitochondrial activities. Our findings provide insights into how the intracellular energy level is reflected into gene transcription involved in mitochondrial morphology and function.
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Mitochondria are essential organelles that are responsible for cellular energy production and cell death in response to various stimuli. Although C-terminal binding protein (CtBP) functions as a metabolic sensor in transcriptional corepressor complex, it is unclear whether CtBP controls gene transcription in response to metabolic stress. In this study, we found that CtBP represses Bcl-2-associated X protein (Bax) transcription in glucose-rich media by binding to the E-box region of the Bax promoter. Glucose withdrawal leads to the dissociation of CtBP from the Bax promoter and significant changes of the histone codes in the Bax promoter. CtBP knockout increases Bax transcription, ablates mitochondrial morphology and reduces mitochondrial activities. Ectopic expression of CtBP or knockdown of Bax in ctbp-knockout cells recovers mitochondrial morphology and function, suggesting that CtBP functions as a metabolic sensor that maintains mitochondrial activities. Our findings provide insights into how the intracellular energy level is reflected into gene transcription involved in mitochondrial morphology and function. C-terminal binding protein (CtBP) was originally identified as an E1A-binding protein 1 and as a transcriptional corepressor that associates with DNA-specific transcriptional repressors in development and tumorigenesis. 2, 3 CtBP is also known to repress gene transcription in a histone deacetylase (HDAC)-dependent 4, 5 and -independent manner. [6] [7] [8] CtBP belongs to a family of 2-hydroxyacid dehydrogenases; CtBP senses metabolic changes by differentially binding to NADH and controls the transcription of downstream genes through monomer-dimer transition. 6, 9, 10 Thus, CtBP serves as a metabolic sensor in transcriptional corepressor complex. [11] [12] [13] Glucose is the main source of cellular carbohydrate and is a metabolic fuel for activating metabolic pathways in all mammalian cells. Thus, glucose homeostasis is the most tightly regulated function in the body. Meanwhile, metabolic stress, such as imbalance of glucose homeostasis, triggers a variety of cellular responses including cellular growth and gene expression. Most cells efficiently produce high-energy molecules in the mitochondria through the TCA cycle and oxidative respiration. Moreover, mitochondria mediate cell death by regulating the balance between pro-apoptotic and antiapoptotic proteins. Therefore, metabolic stresses such as glucose deprivation are likely to affect mitochondrial function. However, the detailed mechanisms of these effects remain unclear.
According to the primary function of glucose in living cells, we first investigated the effect of glucose deprivation on cellular activities. In this study, we found that mitochondriadependent apoptosis occurred in response to glucose deprivation and this apoptosis was mediated by the activation of Bcl-2-associated X protein (Bax) gene expression. Similar to the earlier findings that CtBP serves as a metabolic sensor and a transcriptional corepressor, [11] [12] [13] we also found that CtBP associated with and repressed Bax promoter and was dissociated from the promoter in response to glucose deprivation. In addition, mitochondrial morphological changes and decreased mitochondrial activities were observed in ctbpknockout cells, and the knockdown of Bax in ctbp-knockout cells recovered the mitochondrial morphology and function. Our results showed that the transcriptional corepressor CtBP1 maintains mitochondrial activities by regulating Bax transcription dependent on the cellular glucose level.
Results
Glucose deprivation induces apoptotic cell death. As glucose is the main source of energy production in living cells, we first investigated whether the imbalance of glucose homeostasis triggers apoptotic cell death. Prolonged incubation of cells in low-glucose (1 mM) media, as well as in glucose-free (0 mM) media, induced apoptotic cell death (Figure 1a and b) . Low ATP level and reduced mitochondrial membrane potential were observed under low-glucose or glucose-free conditions, indicating that apoptosis induced by low glucose is mitochondria dependent (Supplementary Figure 1) . Bcl-2 family members play a critical role in the regulation of the mitochondrial pathway that leads to apoptotic cell death by directly targeting mitochondria.
This led us to examine the pro-apoptotic regulators that affect mitochondria under low-glucose conditions. To determine which pro-apoptotic regulator affects mitochondrial activities in low-glucose conditions, we screened mitochondriatargeted pro-apoptotic proteins induced by low glucose. We found that glucose deprivation significantly induced Bax expression at the transcriptional level in a time-(Supplementary Figure 2) and dose-dependent manner (Figure 1c and d) . In addition, the glucose transporterspecific inhibitor, cytochalasin B, significantly increased the mRNA level of Bax (Figure 1e ).
Ctbp-knockout cells are more sensitive to apoptosis by glucose deprivation. As a metabolic sensor, CtBP can regulate cellular activities in response to the change of NAD þ /NADH. 9,10,15 Also, CtBP acts as a negative regulator of apoptosis. [16] [17] [18] [19] However, the precise mechanism by which CtBP regulates apoptosis at the transcriptional level remains unclear. To investigate whether CtBP is involved in apoptosis induced by low glucose, we used ctbp mouse embryonic fibroblast (MEF) cells. 20 We incubated both ctbp þ /À and ctbp À/À cells in glucose-free media. We then stained the cells with trypan blue (TB) and counted living cells (TB-negative cells) at the indicated time points (Figure 2a) . After 48 h of incubation, ctbp À/À cells appeared more sensitive to apoptosis than ctbp þ /À cells. In addition, we confirmed that ctbp À/À cells died more rapidly than ctbp þ /À cells by labeling the cells with annexin-V and propidium iodide after the 48 h of incubation in low-glucose conditions (Figure 2b and c) .
To further define the effect of CtBP on apoptosis, we established stable MEF cells that express wild-type CtBP1 (ctbp À/À (WT)) (Supplementary Figure 3) and investigated the apoptosis of ctbp À/À (WT) cells in low-glucose conditions. The restoration of CtBP1 in ctbp À/À cells significantly retarded apoptosis after 48 h of incubation under glucose-free conditions (Figure 2b and c), indicating that CtBP plays a role in preventing cell death during glucose deprivation.
CtBP is a transcriptional corepressor of Bax gene promoter. We found that low glucose triggered the expression of the Bax gene and that CtBP has an antiapoptotic function in low-glucose conditions (Figures 1c and  2) . Moreover, ctbp-knockout cells were reported to be hypersensitive to apoptosis, and several pro-apoptotic genes are highly induced in ctbp-knockout cells. 16 Therefore, we postulated that CtBP1 represses Bax transcription by its association with Bax promoter under normal glucose conditions. We first confirmed that Bax is highly expressed in ctbp À/À cells (Figure 3a) . When ctbp MEF cells were transfected with a Bax promoter-driven luciferase reporter gene, the luciferase activity was highly detected in ctbp À/À cells (Figure 3b ). In addition, the ectopic (Figure 3d ), [21] [22] [23] we examined the CtBP1-binding region in the human Bax promoter by chromatin immunoprecipitation (ChIP) assays. ChIP analysis revealed that CtBP1 preferentially binds to the E-box region conserved in the proximal promoters of both human and mouse Bax gene ( Figure 3e, Supplementary Figure 4) , consistent with the earlier findings that CtBP1 associates with several E-boxbinding transcription factors to repress its target gene. 3 As glucose deprivation affects Bax transcription and CtBP1 represses Bax transcription in normal glucose conditions, we investigated whether glucose deprivation changes the repressive function of CtBP1 and the histone codes in the Bax promoter for activating Bax transcription. When glucose was depleted from the media, CtBP1 dissociated from the E-box region in the Bax promoter (Figure 3f ). At the same time, transcriptionally active histone codes (acetylated H3-K9 and trimethylated and dimethylated H3-K4) were significantly increased around the E-box region, whereas transcriptionally repressive histone codes (trimethylated and dimethylated H3-K9) were decreased ( Figure 3g ). In addition, these changes in the histone codes were mediated by PCAF, JARID1C, 24 HDAC4 and JMJD2A, 25 respectively (Figure 3h ), indicating that CtBP1 associates with histone-modifying enzymes and is involved in the repression of Bax transcription in glucose-rich conditions. Also, the dissociation of CtBP1 from the Bax promoter de-represses Bax transcription during glucose deprivation.
CtBP maintains the mitochondrial morphology and function. Mitochondrial fusion and fission are required for mitochondrial dynamics. 26 As Bax is a mitochondrial protein involved in mitochondrial dynamics 27, 28 and is increased in ctbp-knockout cells (Figure 3a) , we hypothesized that ctbp knockout would affect mitochondrial morphology. To address this, we cocultured MEF cells of ctbp þ /À and ctbp À/À in the same plate and compared their mitochondrial morphology by staining with Red-Mitotracker (Figure 4a ) and quantitative analysis (Supplementary Figure 5) . Interestingly, mitochondrial elongation was observed in ctbp-knockout cells, whereas mitochondria in ctbp þ /À cells appeared spotted as normal. In addition, we observed that the stable expression of CtBP1 in ctbp À/À cells apparently recovered mitochondrial morphology to normal (Supplementary Figure 6a) . This result indicates that the loss of CtBP leads to mitochondrial morphological changes. Moreover, recent studies have shown that mitochondrial morphological changes, i.e., mitochondrial fission and cristae reorganization, occur during apoptosis. 29, 30 We thus investigated mitochondrial morphology during glucose deprivation. When HeLa cells were cultured in glucose-free media, mitochondria appeared elongated at a relatively early (12 h) time point, but ultimately became fragmented with long- term culture (48 h) (Supplementary Figure 7) . As those of HeLa cells, mitochondria in MEF cells were also observed as elongated tubules during 16 h of incubation in glucose-free media (Figure 4b, Supplementary Figure 6b) . Next, we further investigated the mitochondrial ultrastructure by transmission electron microscopy (TEM). TEM analysis showed that mitochondria in ctbp À/À cells were swollen and their mitochondrial cristae were nearly hollow, even in glucose-rich conditions, compared with the mitochondria of ctbp þ /À cells, which were filled with densely packed cristae (Figure 4c and d) .
Meanwhile, the stable expression of CtBP1 in ctbp À/À cells recovered densely packed cristae in mitochondria (Supplementary Figure 8) . Furthermore, when glucose was removed from the media, the mitochondria of most cells swelled and their cristae became hollow (Figure 4c amount of Bax in ctbp À/À cells was located in mitochondria even in glucose-rich media (Figure 5a) . Next, to determine whether the mitochondrial morphological and structural changes are due to the translocation of Bax by loss of CtBP and/or glucose deprivation, we knocked down the Bax mRNA level by infection with lentivirally expressed shBax in ctbp À/À cells ( Figure 5b ). As expected, the knockdown of Bax restored mitochondrial morphology based on confocal microscopy findings (Figure 5c-e) . In addition, the hollow cristae in swollen mitochondria reverted to the densely packed cristae observed in normal mitochondria (Figure 5f ). Moreover, the knockdown of Bax reduced mitochondrial length to normal (Figure 5g) .
To delineate the role of Bax in mitochondrial function in ctbp À/À cells, we measured the ATP level, oxygen consumption rate and mitochondrial membrane potential in Baxknockdown ctbp À/À cells (Figure 5h-j) . Bax knockdown in ctbp À/À cells increased cellular ATP level, oxygen consumption rate and mitochondrial membrane potential, indicating that the expression level of Bax controls metabolic processes such as ATP production and oxygen consumption in mitochondria. Finally, we also observed that knockdown of Bax significantly reduced apoptotic cell death in ctbp À/À cells under low-glucose conditions (Figure 5k ). Bax reportedly colocalizes with both mitochondrial fusion and fission sites and Bax induces mitochondrial fusion in non-apoptotic cells. [26] [27] [28] These reports are consistent with our findings that Bax overexpression in ctbp À/À MEF cells and Bax induction in ctbp þ /À cells during glucose deprivation lead to the change of mitochondrial morphology and function.
Discussion
Glucose is the primary carbohydrate source in living cells and is converted to many other metabolites that are necessary for cellular activities. Metabolic stress from changes in glucose influx influences a variety of cellular events. Mitochondria play an essential role in maintaining cellular activities by regulating the balance of energy. Therefore, cellular glucose concentration is closely related to mitochondrial function. In this study, we found that mitochondria-dependent apoptosis occurs under low-glucose conditions and this apoptosis is mediated by Bax gene transcription. In low-glucose conditions, Bax gene transcription is induced by the release of CtBP from its promoter region. On the basis of the localization of Bax in mitochondria, 27 it is possible that the changes in mitochondrial morphology and function are mediated by an increased Bax gene transcription. Therefore, as a metabolic sensor and transcriptional corepressor, CtBP maintains mitochondrial activities by regulating Bax transcription. Recently, CtBP was identified as a transcriptional corepressor of PRDM16 for the selective repression of white fat genes. 31 However, little is known about the mechanism by which CtBP controls the cellular activities by the change of energy metabolism at the transcriptional level. In this study, we found that CtBP controls Bax transcription in response to glucose deprivation, and Bax induction by the functional loss of CtBP leads to intermediate mitochondrial elongation, hollow-cristae formation in swollen mitochondria and a more rapid mitochondrial fragmentation upon cell death. Opa1 is also able to control apoptotic cristae remodeling. 32, 33 Furthermore, Bax associates with Opa1 in the junction between the inner and outer mitochondrial membranes, whereas knockdown of Bax blocks the release of Opa1 from mitochondria. 34 It is therefore possible that the decrease of mitochondrial activities by knockout of ctbp occurs by a collaboration between Bax and Opa1.
Notably, the loss of CtBP affects mitochondrial activities through structural changes and facilitates apoptosis in response to glucose deprivation. Given the structural and functional activities of CtBP, our findings provide new insights into both transcriptional regulation by metabolic stress and its effects on cellular activities. RNA purification and quantitative real-time PCR. RNA was purified using Trizol reagent (Invitrogen). Quantitative RT-PCR was performed as described by the manufacturer (Finnzymes). Briefly, 2 Â qPCR master mix was diluted to 1 Â reaction solution with pre-designed primers (Supplementary Table 1 ), cDNA and ultra-purified water. The accumulation of specific products in a reaction was continuously monitored by iCycler Real-Time PCR (Bio-Rad).
Lentivirus-based shRNA. A total of 6 Â 10 6 293 FT cells were transfected with either mouse Bax shRNA (5 0 -CCGGCTACAGG GTTTCATCCAGGATCTCGAGATCCTGGATGAAACCCTGTAGTTTTT-3 0 ) (Open Biosystems) or control shRNA (Sigma) containing lentivirus packaging plasmids using Lipofectamine 2000 reagent (Invitrogen). After 72 h, virus-containing supernatants were harvested and centrifuged at 1500 r.p.m. for 10 min to pellet cell debris. To test lentivirus-containing mBax shRNA, when ctbp À/À cells were 30% confluent, they were treated with 1 ml of lentiviral stock. After 48 h, cells were selected for 2 weeks in 2 mg/ml puromycin.
Chromatin immunoprecipitation assay. HEK 293 cells were fixed with 1% (v/v) formaldehyde. Cells were lysed with lysis buffer (5 mM PIPES (pH 8.0), 85 mM KCl and 0.5% (v/v) NP-40). After centrifugation at 5000 r.p.m., nuclear pellets were resuspended in sonication buffer (50 mM Tris-Cl (pH 8.0), 10 mM EDTA and 1% SDS). To shear DNA, lysates were sonicated and centrifuged for 10 min. Lysates were transferred to fresh tubes and diluted 10-fold in IP buffer (16.7 mM Tris-Cl (pH 8.0), 167 mM NaCl, 0.01% (w/v) SDS, 1% (v/v) Triton X-100 and 1.2 mM EDTA). This 'chromatin solution' (25-100 mg) was incubated with anti-CtBP1, antidimethyl H3K4, anti-trimethyl H3K4, anti-dimethyl H3K9, anti-trimethyl H3K9 (Upstate), anti-acetyl H3K9, anti-Histone H3, anti-HDAC4, anti-JARID1C, anti-JMJD2A (Abcam), anti-PCAF or anti-rabbit normal IgG (Santa Cruz Biotechnology) overnight. The next day, protein A/G PLUS agarose was added and incubated for 2 h; the resulting immune complexes were centrifuged and washed with washing buffer (20 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.5% (w/v) SDS, 1% Triton X-100 and 2 mM EDTA) three times and with washing buffer containing 300 mM NaCl two times. Immune complexes were then eluted by adding 250 ml of elution buffer (1% (w/v) SDS and 0.1 M NaHCO 3 ) two times. Then 20 ml of 5 M NaCl was added and crosslinks between DNA and proteins were reversed at 651C by overnight incubation. The next day, free DNA was precipitated with ethanol. Purified DNA was quantified by PCR using pre-designed primer sets (Supplementary Table 2 ). Measurement of cellular ATP and oxygen consumption rate. Cellular concentrations of ATP were measured using the ATP Bioluminescence Assay Kit CLS II (Roche). Briefly, after cells were subcultured for 16 h, 3 Â 10 5 cells were collected and resuspended in 500 ml of ATP assay dilution buffer (100 mM Tris (pH 7.75) and 4 mM EDTA). Samples were boiled for 2 min and centrifuged for 5 min at 1000 Â g. Supernatants were collected and 50 ml samples were analyzed in the luminometer (Perkin Elmer). For the measurement of oxygen consumption rate, cells were trypsinized and centrifuged at 1500 r.p.m. for 2 min at 41C. Cells were washed with PBS and then 1 Â 10 6 cells were collected and resuspended in 200 ml of culture medium. The oxygen consumption rate of the cells was monitored continuously for 15 min using a Clark-type oxygen electrode (Instech Laboratories).
Transmission electron microscope. Cells were washed with PBS and fixed overnight in a mixture of 2.5% (w/v) glutaraldehyde (Sigma) and 2% (w/v) paraformaldehyde in 0.1 M phosphate buffer (pH 7.2). Cells were post-fixed for 90 min in 2% (w/v) osmium tetroxide in 0.1 M phosphate buffer, pH 7.2, at room temperature. The samples were then washed briefly with deuterated H 2 O, dehydrated throughout a graded 50, 60, 70, 80, 90, 95 and 100% ethanol (w2) series, infiltrated with propylene oxide (Acros Organics) and EPON epoxy resin mix, and finally embedded with epoxy resin. Samples were then loaded into capsules and polymerized at 381C for 12 h and 601C for 48 h. Sections for light microscopy were cut at 1.0 nm and stained with 1% (w/v) toluidine blue for 45 s on a hot plate at 801C. Thin sections were cut using an ultramicrotome (RMC MT-XL) and collected on a copper grid. Appropriate areas for thin sectioning were cut at 65 nm and stained with saturated 4% (w/v) uranyl acetate and 4% (w/v) lead citrate before examination with a transmission electron microscope (JEM-1400, Japan) at 80 kV.
